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Abstract 
In the flexible design for a complex product, it’s necessary to identify the product element’s sensitivity to multiple exogenous uncertainties at 
initial design stage. In the traditional method, relation transitivity is a basic assumption in the change propagation network. This assumption is 
not always a realistic situation in the product system design. In order to make the sensitivity parameter better reflect the change propagation 
behavior, this paper provides a sensitivity identification method based on the Multi-Domain Matrix (MDM). A change attenuation parameter is 
introduced, and the combined influence matrix of the MDM is obtained using the powers of the MDM. Based on the combined influence matrix, 
the sensitivity value of a product element to all exogenous factors is obtained. A case study on the design of a High Speed Rail (HSR) system is 
used to illustrate the application of this approach. Results show that the proposed approach can identify the sensitivity of a product element 
more reasonably. 
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1. Introduction 
Complex products inevitably face various exogenous 
uncertainties during their long lifecycles. These uncertainties 
come from user context, market as well as political and 
cultural context [1,2]. In order to deal with these exogenous 
uncertainties, flexibility has become an increasing important 
design criterion in the system initial design process.  
Flexibility in system enables a product to change easily in the 
face of uncertainty [1,3].  In fact, flexible designs are widely 
in many real world applications, such as flexible product 
platforms [4,5]. 
Flexible systems can be obtained by incorporating 
flexibilities within the physical components of system.    
These physical components are called flexible design 
opportunities [6-8]. A vital aspect in the flexible design is to 
identify these flexible design opportunities. It means that 
designers should identify the most sensitive product elements 
under uncertainties and limit their resources in the selected 
system elements in the subsequent design phase. 
There are several Design System Matrix (DSM) -based 
methods to identify flexible design opportunities [6-8]. These 
include Change Propagation Analysis (CPA) [5], sensitivity 
Design Structure Matrix [9], and Engineering System Matrix 
(ESM) [10]. Although these works have attempted to address 
the issue of identifying flexible design opportunities, they do 
have some limitations [7,8]. First of all, these methods don’t 
take into consideration the indirect influence relationships. 
Second, these methods only consider one main uncertainty 
source. Further research is needed to understand how to 
identify flexible design opportunities when multiple 
uncertainties are considered simultaneously.  
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Hu and Cardin use the Bayesian Network (BN) to model 
complex change propagation and capture flexible design 
opportunities effectively [11]. This method can analyze 
indirect influences of changes, and can analyze multiple 
exogenous uncertainties at the same time. However, this 
method cannot deal with loops in change propagation due to 
the limitation of the BN. Also, this method needs exact 
influence relationship values available.  
Hu and Poh [7] develop a sensitivity-based method for the 
identification of flexible design opportunities. In this method, 
the design variables, external factors and relationships 
between them are represented by a directed network. The arcs 
in the network represent binary relationships. This method 
identifies flexible design opportunities based on whether a 
design variable of the system is sensitive to external 
uncertainties or not. In other words, if the design variable is 
reachable by exogenous factors, it will be considered as a 
potential flexible design opportunity in design process. A 
Depth-First-Search (DFS) based algorithm is presented to 
quantitatively measure the sensitivity of each design variable 
for engineering system design. This method is applicable for 
the case in which exact weighted change propagation 
relationships are not available. However, this method is based 
on an assumption that the network or graph is transitive. This 
assumption leads to some limitations. First, in the definition of 
sensitivity of the design variable, change propagation decay is 
not considered. In fact, change propagation decay phenomena 
are common in complex engineering domains, because many 
products are designed to include certain tolerance margins 
which can absorb some degree of changes [12]. Second, this 
method doesn’t consider the fact that if there are more 
propagation chains from a node j to node i, the sensitivity of 
node i to node j tends to be stronger. As a result of these 
limitations, too many product elements maybe have the 
highest sensitivity value, and too many product elements 
maybe have the same sensitivity value. These limitations 
make this method ineffective in some cases. 
In order to make the sensitivity parameter better reflect the 
change propagation behavior, this paper improves the 
sensitivity identification method by Hu and Poh [7]. Inspired 
by the Katz’s centrality measure [13], this paper introduces the 
concept of attenuation in change propagation. Katz’s centrality 
is often used in social network to identify important nodes. In 
the deduction of Katz’s centrality, the matrix powers and 
attenuation parameter are used. In this paper, the matrix 
powers and attenuation parameter are used to obtain the 
sensitivity strength of a node to another. Just like Hu and 
Poh’s work, this method only deals with unweighted networks, 
so it cannot model the change propagation behavior exactly. 
However, it can reflect the change propagation behavior to a 
degree. It’s intuitive and helpful to identify sensitive product 
elements in the initial design process. 
The remainder of the paper is structured as follows. In 
section 1, the change propagation network and sensitivity are 
introduced.  The proposed method is presented in Section 2. In 
Section 3, a High Speed Rail (HSR) case is used to illustrate 
this method and results are discussed. Finally, Section 4 
concludes the paper. 
2. Change propagation network and sensitivity 
In order to explain sensitivity, the digraph is used to model 
the dependency relationships between system elements and 
exogenous factors. As for a product, a system element means 
parts, sub-assemblies, sub-systems or other design variables. 
Fig. 1 shows a digraph representation of a generic product. 
Nodes c1 , c2 ,…, cn represent the elements in the product 
system, while nodes ef1 to efm stand for exogenous 
uncertainties. 
The arcs in the digraph represent the direct influence 
relationships. For example, the arc between efm and c3
represents that the element c3 need to be changed due to the 
effect of changing the exogenous factor efm;  the arc between 
c2 and c3 represents their direct influence relationship in the 
product system boundary. 
In fact, a node in the graph can be influenced by another 
node through indirect connections. For example, In Fig. 1, c3
is influenced by ef3 through c2. Thus, a system element may 
be sensitive to exogenous factors through direct or indirect 
connections.  
 
 
Fig. 1. Digraph about product system and exogenous factors (adapt from [7]) 
Suppose that a product consists of n elements,            
C={c1, c2 ,…, cn}. Meanwhile, m exogenous factors are 
analyzed, EF={ef1, ef2 ,…, efm}. Let G be a digraph,             
G = (V,E) representing the system, where V C EF * .         
If (vi,vj) E , where 1 ( )i n md d  , 1 ( )j n md d  , i jz , 
there is an arc from vi to vj. This arc means that if a unit 
change ¨vi occurs, the element vj will need to change to 
facilitate this perturbation in vi.  
Definition 1 [7] : If (¨vi Į0), then (¨vj Į0). The node vj is 
sensitive to the node vi in this situation.  
The sensitivity value is related to 2 factors: the number of 
change propagation chains and the step numbers or lengths of 
these change propagation chains.  Here “chains” equal to 
'LUHFWLQIOXHQFH
2ef
1ef
3ef
mef
1c
2c
3c
4c
5c
6c
ic
1ic
kc
nc
Ă Ă
Ă Ă
,QGLUHFWLQIOXHQFH
([RJHQRXVIDFWRU 3URGXFWV\VWHP
467 Junchao Wei et al. /  Procedia CIRP  56 ( 2016 )  465 – 470 
 
“walks” in graph theory [14,15], meaning that a change 
propagation process maybe includes a loop. A change maybe 
propagates along many propagation chains. If there are more 
propagation chains from vi to vj , the sensitivity of vj to vi  tend 
to be higher. The influence degree or effectiveness of the 
change propagation along a chain is related to the length of 
the chain. The longer is the chain, the lower is the influence. 
The quantitative measurement method of the sensitivity is 
detailed in the following section. 
Definition 2:  The sensitivity of a product element cq  to all 
exogenous factors is measured by the sum of sensitivities to 
each exogenous factor. 
m
total k
q q
k
S S ¦ (1)
3.  Element Sensitivity Measurement Method 
On the base of the definition of sensitivity, the sensitivity 
identification method is proposed in this section. Its algorithm 
flow is shown in Fig. 2. 
 
 
Fig. 2. Sensitivity identification flow 
3.1. Multi-domain matrix Model  
Building a directed graph is a critical work in the 
procedure. It includes three main tasks: analyze exogenous 
uncertainties, determine system elements and identify 
influence relationships [7,8]. The exogenous uncertainties are 
outside the control of designers, since they are from the 
external environment that the system is operated in. There 
may be relationships among these factors. For example, the 
product’s energy efficiency can influence the reliability 
requirement. The product system should be decomposed into 
the system elements using technical domain knowledge [7,8]. 
In order to ensure accuracy and integrity of the analysis, 
designers need to conduct these three tasks as 
comprehensively as possible. As a consequence, the MDM 
representation is obtained. 
The MDM is an extension of the Design Structure Matrix 
(DSM) [16-18]. The DSM is very applicable for dealing with 
complex system [19], and it models the dependencies between 
elements in a domain. The Domain Mapping Matrix (DMM) 
is used to capture the dependencies cross domains [20], rows 
standing for nodes in a domain, while columns standing for 
nodes in another domain. The MDM represents a 
combinatorial enhancement of the DSM and DMM. There are 
several design structure matrices (DSMs) in the diagonal 
place of the MDM, and these DSMs are coupled through 
domain mapping matrices (DMMs). The MDM possesses all 
features of a common DSM. In fact, it represents a DSM on a 
higher level of abstraction.   
In this paper, the MDM’s structure is shown as Fig. 3. 
Within the MDM, the column headings show instigating 
elements and row headings the affected elements, meaning 
column elements influencing row elements. There are 3 
matrices in the MDM: 
1) Product element domain influence matrix. This DSM 
captures the direct change influences among product elements. 
 2) Exogenous factor domain influence matrix. Various 
exogenous uncertainties are classified into a domain. If there 
is no interaction between exogenous factors, the domain 
matrix is just a zero matrix. 
 3) Exogenous factor-Product element influence matrix.  
This DMM captures the direct influences between the 
exogenous factor domain and the product element domain.  
Take a simple example. Fig. 4 is a simple digraph. The 
corresponding MDM is shown in Fig.5. 
 
 
Fig. 3. MDM structure 
 
 
Fig.4. A simple example 
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Fig. 5. MDM of the example  
3.2. Deduction of combined influence matrix 
After getting the original MDM, a combined influence 
matrix R can be deduced. The element rij of R stands for the 
sensitivity of node i to node j. As discussed before, the 
sensitivity of i to j is related to two factors: the lengths of the 
change propagation chains and the numbers of the chains.  
It is necessary to make an assumption to deduce the 
combined influence matrix. For a change propagation chain 
with a length of 1, there is no change attenuation. For a chain 
with a length greater than 1, the change attenuates at a 
geometric progression as the length increase. This assumption 
is a reasonable approximation to the true situation.  Thus, 
attenuation constant¢ is introduced.¢ takes values in the 
interval [0,1]. A smaller¢means that the change propagation 
attenuates faster. 
Since the original MDM only contains the values 0 and 1, 
the element ( i, j ) of MDM k represents the number of chains 
of length k from node j to i [13]. This value indicates the 
chance of change propagation from node j to i for a given 
change chain length k. The following equation synthesizes the 
contributions of the above mentioned factors to the sensitivity 
of node i to node j : 
0
1
1
n
k k
k
R MDMD 
 
 ¦ (2) 
where n0 is the maximum propagation length, which is 
specified by designers and R is the combined influence matrix. 
The element rij of R may be greater than 1, meaning a high 
sensitivity. For this situation, the value is set as the maximum 
1.  It means that these sensitivity values greater than 1 are not 
differentiated.  So the elements in R take values between 0 
and 1. 
If ¢=1 and n0 is set to a value big enough, The R equals to 
the reachability matrix of the original MDM. If¢ is smaller 
than the reciprocal value of the maximum eigen-value          
¬max of the original MDM, Equation 2 have a convergence 
result when n0  is infinite [13]: 
1( * )I MDM I
R
D
D
  (3) 
where I refers to the identity matrix of the dimension (n+m). 
Of course, ¢must be greater than 0 when using Equation 3.  
As for the MDM in Fig.5, if ¢= 0.5, and n0 = 8, the 
combined influence matrix is shown in Fig. 6. 
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Fig. 6. Combined influence matrix corresponding to Fig.5 
3.3. Computation of sensitivity 
After getting the combined influence matrix R, the 
sensitivity of a product element to multiple external 
uncertainties can be obtained by summing up elements in a 
corresponding row in the DMM area of R: 
1
( ) ( , )
m
i DMM
j
sensitivity R i j
 
 ¦ (4) 
where i stands for a product element; j stands for a exogenous 
uncertainty.
Take Fig. 6 as an example. The sensitivity values of 5 
elements are 1.0, 0.6, 0.3, 2.3 and 2 respectively. 
4. Case study 
This section presents an example of a High Speed 
Rail(HSR) system design, which is based on the work of Hu 
and Poh [7,8].  
Hu and Poh have analyzed exogenous uncertainties, 
determined system elements and identified influence 
relationships. Thus, the DSM and DMM have been built. 
According to these data, the corresponding MDM is modeled 
(see Fig.7). In this case study, exogenous factor domain 
influence matrix is a zero matrix, because there is no 
influence relationship in this domain. 
In this case study, the maximum propagation length n0 is 
set to 13. By setting different attenuation parameter¢and 
computing combined influence matrix, the product elements’ 
sensitivity values are obtained (see Fig. 8).  The second row 
of the table in Fig. 8 shows the sensitivity results obtained by 
the DFS based algorithm [7,8].  
As for the case where ¢=1, which meaning that the 
product network is assumed to be transitive, the results  are 
consistent with the ones obtained by the DFS based algorithm. 
With the decrease of ¢ , the sensitivity values of some 
elements gradually decrease, such as x7 and x13. When¢=0, 
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these sensitivities only depend on direct influences from 
exogenous factors.  
In the work of Hu and Poh [7,8], the elements with the 
highest sensitivity value are x7, x15 and x21. If the change decay 
is considered, the sensitivity of x7 will decrease. It’s observed 
from Fig. 7 that the design variable x7 is not only influenced 
directly by the exogenous uncertainties ef1 and ef2, but also 
influenced by ef3 via the design variable x5 . If x5 is designed 
properly, this indirect change propagation path can be cut off, 
and thus the sensitivity of x7 decreases. The DFS based 
algorithm cannot make a distinction between a short change 
propagation chain and a long chain when computing the 
sensitivity of product elements. Fig. 9 shows the digraphs 
about x13 and x14. It can be seen that x14 is influenced by ef3 
through two chains while x13 is influenced by ef3 only through 
one chain. It means that  x14  is more sensitive to ef3  than x13
is.  Fig. 8 shows that x14 has a higher sensitivity value than  x13
when¢=0.8 or¢=0.5. So this approach provides designers 
more information to choose proper product elements to embed 
flexibility.  
 
ef1 ef2 ef3 ef4 ef5 x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 x13 x14 x15 x16 x17 x18 x19 x20 x21 x22 x23 x24 x25 x26
ef1 Travel demand
ef2 Ride quality
ef3 Actual travel t ime
ef4 Reliability
ef5 Energy conversion eff.
x1 Dwell t ime 1
x2 Waiting space 1 1
x3 service time 1 1
x4 Stations Number 1
x5 Frequency 1 1
x6 Moving route 1
x7  Facilit ies 1 1 1
x8  Configuration 1
x9  Seat Cpapacity 1
x10  Speed 1
x11 Accelerate 1 1
x12  Brake system 1 1
x13 Gearing 1 1
x14 Interactions 1 1 1
x15 Control 1 1 1
x16  Total weight 1
x17 Space 1
x18 Traction 1 1
x19  Aerodynamics 1
x20 Propulsion 1 1
x21 Signaling 1 1 1
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Fig. 7. The MDM representation of HSR system(adapted from [7,8] ) 
 
 
Fig. 8. Sensitivity values of elements 
 
Fig. 9. Digraphs about x13 and x14 
The advantage of this method is that it can help to identify 
most sensitive elements under multiple exogenous 
uncertainties more reasonably at initial design stage. In this 
method, not only the contributions of many change 
propagation chains are considered, but also the propagation 
decay is taken into consideration.  The limitation of this 
method lies in the fact that it cannot capture change 
propagation in an exact way, since the digraph of the system 
is not weighted. 
x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 x13 x14 x15 x16 x17 x18 x19 x20 x21 x22 x23 x24 x25 x26
DFS 1 2 2 1 2 1 3 1 1 1 2 2 2 2 3 1 1 2 1 2 3 1 2 2 2 2
1 2 2 1 2 1 3 1 1 1 2 2 2 2 3 1 1 2 1 2 3 1 2 2 2 2
1 2 2 1 2 1 2.8 1 1 1 2 2 1.8 2 3 1 1 1.8 1 1.8 3 1 1.8 1.6 1.8 1.6
1 2 2 1 2 1 2.5 1 1 1 2 2 1.5 2 3 1 1 1.5 1 1.5 3 1 1 1 1 1
1 2 2 1 2 1 2 1 1 1 2 2 1 1 3 1 1 0 1 1 3 1 0 0 0 0
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5. Conclusions 
In the flexible design for a complex product, it’s necessary 
to identify a product element’s sensitivity to multiple 
exogenous uncertainties at initial design stage. In the 
traditional method, the change propagation network is 
assumed to be transitive.  This assumption is not always a 
realistic situation in the product system design. In fact, a 
change propagation tends to decay with the increase of change 
propagation length. Also, if there are more propagation chains 
between a product element and an exogenous factor, the 
element is more likely to be influenced by the exogenous 
factor. In order to make the sensitivity parameter better reflect 
the change propagation behavior, this paper provides a 
sensitivity identification method based on the MDM. In this 
method, an attenuation parameter is introduced, and the 
combined influence matrix of the MDM is obtained using the 
powers of the MDM. Based on the combined influence matrix, 
the sensitivity value of the product element to all exogenous 
factors can be obtained. By analyzing product elements’ 
sensitivities to multiple exogenous factors using this method, 
designers can identify the flexible design opportunities more 
reasonably.  
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